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NOMENCLATURE 
a radius of a circular jet exit 
a equivalent jet radius: radius of a circle having 
the same area as the jet exit under consideration 
a
r
 = 2~(A + B) radius of a circle, equation (l8) 
A semi-major axis of elliptic jet exits 
B semi-minor axis of elliptic jet exits 
Cn drag coefficient 
d ° 
C force distribution coefficient, defined "by 
e quat ion (13) 
C plate pressure coefficient, defined in equation (l) 
C integrated interference force coefficient, 
defined by equation (k) or (l̂ f) 
C integrated interference force coefficient calculated 
s 
e from experimental data 
C reference values of integrated interference force 
s 
o coefficient used in the parametric study 
D distance between the source and sink in the 
Rankine oval 
E entrainment parameter, equation (39) 
£•_ mass entrained per unit length of jet per unit time 
F empirical parameter, equation (̂ -0) 
G empirical factor, equations (6) and (7) 
K dimensionless entrainment coefficient, defined 
in equation (3 ) 
K. dimensionless entrainment parameter calculated at 
the point x. 
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X 
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coefficient used in the parametric study 
I length of the exit in the free-stream direction 
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a 
m entrainment sink strength 
p static pressure on the plate 
p free-stream static pressure 
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and (13) 
R radial lower limit of integration, equation (13) 
S strength of the source-sink pair in the Rankine 
oval 
u, v velocity components in the x- and y-directions, 
respectively, non-dimensionalized by V 
u, , v non-dimensionalized velocity components due to the 
uniform stream and blockage 
u , v non-dimensionalized velocity components due to the 
S S . n 
sink 
u, non-dimensionalized test velocity along the line 
t 3 = 0 
V. jet velocity 
u 
V free-stream velocity 
CO 
w width of the jet exit 
w half-width of the Rankine oval 
a 
w reference values of the Rankine oval half-width 
o used in the parametric study 
XI 
Cartesian coordinates, non-dimensionalized by a 
Cartesian coordinates of the afterbody-jet exit 
intersection points, non-dimensionalized by a 
discrete points along the (3 = 0 where 
theoretical and experimental pressure coefficients 
are matched 
entainment sink location 
complex number describing the plate plane 
angular coordinate of the afterbody-jet exit 
intersection for the circular jet exit 
reference values of (3 used in parametric study 
w 
angular upper limit of integration, equations (h) 
and (lk) 
exponents used in dimensional analysis 
difference between calculated integrated interference 
force coefficient and the reference value, equation (h 
integrated interference force coefficient for the 
wake region, calculated from experimental data 
angular increments used in numerical procedures, 
Appendix B 
complex numbers 
momentum thickness of the plate boundary layer 
fluid viscosity 
kinematic viscosity 
dimensionless n products 
p . jet density 
u 
o free-stream density 
5' location of the soiirce in the Rankine oval 
£' location of the sink in the Rankine oval 
E;' upstream stagnation point of the Rankine oval 
a) non-dimensionalized complex potential function 
SUMMARY 
The problem of a Jet exhausting normally from an infinite flat 
plate into a cross-wind is studied analytically, primarily in terms of 
the resulting interference pressures on the plate. Three jet exit 
shapes are considered: a circle; an ellipse with the major axis 
aligned with the crosswind, called the streamwise exit; and an ellipse 
with the major axis perpendicular to the crosswind, called the blunt 
exit. It is shown that a two-dimensional steady potential flow model 
for the crosswind in planes parallel to the plate may be used, provided 
the jet-to-crosswind speed ratio is sufficiently large and the wake 
region is excluded. It is also shown that the effects of entrainment 
must be represented in the model. A two-dimensional blockage-sink 
model is developed. The blockage elements in this model represent both 
the blockage due to the jet plume and that due to the presence of the 
wake. It is found that there is entrainment into the wake as well as 
directly into the jet plume; hence entrainment is represented by a sink 
located aft of the jet exit. Ten sets of blockage and entrainment 
parameters are found so that the model provides good agreement with ten 
sets of experimental data. An example of application of the model to 
cases of other jet exit shapes and speed ratios is given. The blockage 
and entrainment parameters are varied over a range of values to deter-
mine the effects of each on the interference pressure. It is shown that 
the exact shape of the afterbody representing the blockage due to the 
wake is generally not very important to the total suction force 
resulting from the interference pressures. The entrainment factor is 
quite significant. The streamwise and circular jet exits are more 
useful for lifting-jet applications than the blunt exit because of 
their favorable coupling of the blockage and entrainment effects and 




The Jet-in-Crosswind Phenomenon 
Jet-in-crosswind phenomena have received considerable attention 
in recent years because of their rather broad applications in all Mach 
number regimes. According to its most general definition, a jet in a 
crosswind may be the injection of one fluid stream into another at any 
finite angle. Clearly then vector control jets for missile guidance 
or fuel venting systems or air injection cooling systems for turbine 
blades are usually in the category of jet~in-crosswind phenomena. For 
these applications at least one stream—either the jet or the cross-
flow or both—is compressible. The subsonic jet in a subsonic cross-
wind is particularly pertinent to two areas of current interest: air 
pollution and lifting jets for v/STOL aircraft. Fumes exhausting from 
stacks into a breeze are jets in crossflows, as are lifting jets or 
lifting fan wakes on v/CTOL aircraft when the craft is in the transi-
tion phase of flight, that is, when it has attained some forward speed 
but is still dependent on the fan or jet for most of its lift. Much 
experimental and analytical effort has been directed toward these two 
applications [1-49] ? and because the flow regimes of these applica-
tions are similar, research directed primarily toward one problem may be 
* Numbers in brackets refer to items in the Bibliography. 
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useful to the investigation of the other. The present work is concerned 
with the interference effects pertinent to the lifting jet application 
of the jet-in-crosswind. 
Experimental investigations have shown that lifting fan or 
lifting jet powered v/STOL aircraft in the transition phase of flight 
encounter aerodynamic interference effects which result in severe lift 
loss and stability problems [1-11]. In particular, low pressure regions 
develop on the lower surfaces of wings or fuselages and the distribution 
of the pressure is usually such that a nose-up pitching moment is pro-
duced. It is therefore of interest to study this interference problem 
in order to find means of reducing the adverse effects or even of 
controlling the flow sufficiently to gain favorable effects. 
The experimental investigations of references [1-11] employed 
various aircraft and jet or fan configurations, so that, although 
interference effects adverse to v/STOL applications were consistently 
observed, it was very difficult to analyze the details of the inter-
ference phenomenon. Attention was then given to simplified problems 
which include the principal features of the jet-in-crosswind interference 
but eliminate the complications due to three-dimensional flow about 
complex finite bodies. Both experimental and analytical investigations 
[12-1+9] have considered simplified problems wherein turbulent subsonic 
jets exhaust Into a subsonic crossflow without impinging on any solid 
boundary. In most of these investigations the jets issued from flat 
plates or isolated wings. All of these efforts were directed toward 
achieving a greater understanding of the precise mechanisms and the 
effects of the interference, and ultimately achieving a method of 
predicting these effects. however for the most part these research 
programs were quite diverse. Recently attempts have been made to unit'., 
this research effort. At the Georgia Institute of Technology a research 
program has been undertaken involving both experimental and analytical 
phases. The early stages of this program are concerned with greatly 
simplified jet-in-crosswind problems with the emphasis on understanding 
basic phenomena. In the course of the program greater complexity will 
be introduced. The present work is the initial analytical effort in 
this program, and is undertaken in conjunction with a parallel experi-
mental effort [̂ -6], [1+7] and [1+9] from which most of the experimental 
data necessary for this work Is drawn. 
The experiments of references [1+6], [1+7] ? and [1+9] considered a 
subsonic turbulent jet issuing normally from a large flat plate Into a 
subsonic crossflow. The experiments were sized in such a way that the 
jet did not impinge on the wind tunnel walls. It was felt that several 
jet exit shapes should be studied because suitably shaped jet exits 
could conceivably minimize adverse interference effects. For instance, 
it was suspected that a jet plume with a small frontal area, that is, a 
jet issuing from a slot aligned with the free stream or from an In-line 
cluster of circular jets aligned with the free stream, would disturb the 
crossflow less than a jet issuing from a wider exit. Three jet exit 
shapes were considered in this initial work: a circular exit, a 
relatively wide, round-ended slot with its longer dimension aligned 
with the free stream, and the same slot with its longer dimension 
h 
perpendicular to the free stream. The first of these slots is called 
the "streamwise" exit, and the second the "blunt" exit. The cross-
sectional area of all the exits was the same. These exits were chosen 
to study the effects of jet exit shapes both because they are practical 
from the standpoint of fabrication and because they are reasonable 
approximations to cluster arrangements of round exits. In the course of 
the experimental investigations plate pressure measurements, flow 
direction surveys, and jet penetration measurements were made for jets 
issuing from each of these exits at jet-to-crossflow speed ratios of 
h, 8, 10, and 12 with a constant tunnel speed. Plate pressure measure-
ments were also made with the blunt exit and a speed ratio of 20 obtained 
by reducing the tunnel speed. These speed ratios were chosen because it 
was felt that they were representative of flight conditions of v/STOL 
aircraft in transition [3]? [̂ ]? [7]? [8], [16] and [19]- For instance 
a heavily loaded fan or a lifting jet would probably have exhaust 
velocities on the order of 500 feet per second, and an aircraft equipped 
with such devices in the transition phase of flight would have forward 
speeds ranging from zero to perhaps 200 feet per second. Thus the 
jet-to-crosswind speed ratio would range from approximately 2.5 to 
infinity. However, until the aircraft has attained some altitude and 
some forward speed the jet plume or fan wake would impinge upon the 
ground. Therefore the speed ratio range of interest in considering 
simplified problems with no impingement is more reasonably 2.5 to 20 or 
so. 
These experimental investigations, as well as numerous others 
5 
[12-16], [20], and [21], indicate that the interference that develops 
when a jet issues perpendicularly from a large flat plate into a 
crossflow may be considered in two interrelated parts: (l) the action 
of the crossflow on the jet and (2) the effect of the jet on the 
crossflow. The crossflow produces aerodynamic forces on the jet and 
the jet entrains crossflow fluid, and therefore momentum, so that 
because of the presence of the crossflow the jet spreads, deforms, and 
deflects as shown in Figure 1. The action of the jet on the crossflow 
includes the entrainment of part of the crossflow fluid into the jet, 
the displacement of the crossflow by the jet, and the formation of a 
low pressure region downstream of the jet plume, as was observed in 
references [15], [l6], [20], and [̂ -6]. These three factors shall be 
called the entrainment effect, the blockage effect, and the wake 
effect respectively. As far as v/STOL applications are concerned, the 
most important results of this interference are the general reduction 
of plate pressures and the production of a pitching moment due to the 
distribution of those pressures. Therefore the present study is 
principally concerned with the action of the jet on the crossflow as 
evidenced by the plate pressures. 
Of the three principal types of disturbance in the crossflow, 
the wake effect is perhaps the most difficult to analyze. Oil film 
photographs [̂ 9] clearly show the presence of a wake region on the 
plate. (See Figure 2.) Plate static pressure measurements both with 
the jet exhausting and with a solid rod replacing the jet were made by 
Vogler [19] and Bradbury and Wood [20], and it was concluded that the 
low static pressure region behind the jet is generally larger than that 
Jet centerline 
'oo * *- X 
Figure 1. Three Dimensional Coordinate System 
With Jet Geometry Indicated 
Figure 2. A Typical Oil Film Photograph, V./V « 12 
(Reference ii9) J 
8 
behind the rod. In the case of the solid rod the low static pressures 
in the wake region are a result of a loss of total pressure due to the 
separation of the crossflow as it flows around the rod, hut it is 
difficult to determine if the same separation phenomenon is present 
when the crossflow flows around the jet plume, for in this case low 
static pressures may result from acceleration of the flow due to entrain-
ment. Total pressure measurements by Jordinson [15] show that, in the 
case of a jet issuing from a circular exit, a low total pressure region 
does exist downstream of the jet and it extends several jet exit 
diameters away from the plate. The fact that the low total pressure 
region extends far from the plate indicates that the wake is not local 
to the vicinity of the plate; that is, the wake cannot be due entirely 
to the entrainment of plate boundary layer air. However, the presence 
of the low total pressure region does not conclusively prove that the 
crosswind separates as it flows around the jet plume. Since so few 
details are actually known about the wake region and its effects, no 
attempt will be made in this study to analyze the wake in detail. 
The entrainment and blockage effects are easier to identify and 
analyze. Examination of oil film photographs [49] reveals that both 
effects are present and more or less distinguishable, as seen in 
Figure 2. The blockage is observed in two features of the photographs: 
(l) a dark region upstream indicating a significant deceleration of the 
flow, and (2) the curvature of the streamlines in the vicinity of the 
jet exit indicating that the crossflow actually flows around the jet. 
However, some streamlines terminate at the edges of the jet exit and 
wake, indicating entrainment into the wake as well as into the jet 
itself. The oil film photographs represent only the effects near the 
plate, and since the jet-in-crossflow problem is basically three-
dimensional, care must be taken not to over-emphasize the conclusions 
drawn from them, however, a flow direction survey taken by Mosher [̂ 9] 
at distances of several jet radii off the plate also clearly indicates 
the presence of both blockage and entrainment. There seems to be a 
region near the jet in which both blockage and entrainment are signif-
icant and their relative importance depends on both jet exit configura-
tion and speed ratio, while in a larger region further from the jet the 
crossflow field seems to be dominated by entrainment effects. 
In order to develop a means of describing and predicting inter-
ference pressures for this problem it is necessary to determine the 
important parameters involved. For the case of a jet issuing normal to 
a flat plate from a circular exit Bradbury and Wood [20] have stated 
that dimensional analysis shows that the interference plate pressure 
coefficient 
P - P 
P 1/2 P V 2 
CO CO 
is dependent on only three dimensionless parameters, provided that the 
plate boundary layer may be specified by a single parameter. If that-
single parameter is the momentum thickness 8, the three dimensionless 
parameters are: (l) the ratio of the jet speed to the undisturbed 
crosswind speed, V./v , (2) the ratio of the plate boundary layer 
cJ 
momentum thickness to a representative length dimension of the jet exit, 
in the case of a circular jet exit 0/a, where a is the jet exit radius, 
and (3) the jet efflux Reynolds number, V.a/v. The speed ratio is a 
J 1 
2 2 2 
simplification of the momentum flux ratio (p.V. /p V ) which is 
permissible if density variations are small. It has already been argued 
that for lifting jet v/STOL aircraft speed ratios in excess of 2.5 are 
of particular importance. Experimental results of Bradbury and Wood [20] 
indicate that for 0/a less than 0.3 the plate pressure is only weakly 
influenced by variations of the second parameter 0/a. In most of the 
experiments referenced, the value of 0/a is of the order of 0.1, so 
variations in the momentum thickness of the plate boundary layer are 
expected to be of secondary importance to the interference pressure. 
Considering the third parameter, the jet efflux Reynolds number, it Is 
noted that turbulent jets and free shear layers are generally rather 
insensitive to Reynolds number changes. Since jets become turbulent at 
small Reynolds numbers, it appears that the jet-in-crosswind interfer-
ence flow should be insensitive to variation in Reynolds number. It is 
noted that the agreement of plate pressure data from different sources 
[19], [20], and [>9] and of jet centerline data [12], [15], [32], and 
[̂ 9] obtained under diverse experimental conditions seem to support 
this argument. It is also noted that the dimensional analysis of 
Callaghan and Ruggeri [13] shows jet deflection to be a function of jet 
efflux Reynolds number, speed ratio, density ratio, viscosity ratio, 
and the ratio of duct width to jet exit diameter, but their final de-
flection relation determined from their experimental results is a 
function of speed and density ratios alone. The density ratio was 
necessary because their tests were for a hot jet in a cold crossflow. 
Since their tests covered a Reynolds number range 30,000 ̂  V.a/v 
< 250,000 their results support the argument for Reynolds number insen-
sitivity. It then appears that for circular jet exits and speed ratios 
of practical interest the interference plate pressure is primarily a 
function of the speed ratio V./v alone. This conclusion is further 
supported by the fact that experimental formulas [15] > [16], [27]? [30] 
accurately describing the jet deflection path for these cases have been 
established solely as a function of the speed ratio. For non-circular 
jet exit configurations it would seem that these same arguments con-
cerning the important parameters should apply. However, it is clear 
that the shape of the jet exit has an effect, which may be seen in the 
oil film photographs and plate pressure data of reference [U6]. In 
particular these data show that plate pressure losses, pitching moments, 
and blockage effects as indicated by the photographs become more severe 
at a given speed ratio as the jet exit becomes more bluff. If it Is 
chosen to describe the jet exit shape by two dimensions, the length I 
and the width w, and the same techniques of dimensional analysis are 
applied, an additional parameter w/h, the jet exit thickness ratio, is 
obtained. (See Appendix A.) It then appears that the primary param-
eters affecting interference pressures should include the jet exit 
thickness ratio wAt as well as the speed ratio V./v . 
It should be noted that the weak dependence of the interference 
pressure on the variations of the Reynolds number and the parameter 9/a 
12 
does not imply that the role of viscosity in the interference problem 
is negligible. Since there exists a significant wake region and entrain-
ment is definitely present, viscous effects are indeed important in the 
mixing regions. However, it appears that the crosswind may be repre-
sented by potential flow except in the mixing regions immediately 
surrounding the jet plume and in the wake. 
In order to formulate a proper three-dimensional potential model 
for the jet-in-crosswind it is necessary to have information concerning 
entrainment rates, jet cross-sectional deformation, and jet deflection, 
as was pointed out by Rubbert [̂ -2]. Entrainment rates were measured by 
Keffer and Baines [16] and were extracted from the work of Margason [12] 
by Keltsley and Kroeger [̂ -1]. Semi-empirical evaluations of entrainment 
rates were attempted in references [2b], [32], and [38]. At present, 
however, none of these efforts is considered entirely definitive. 
There has been little analytical effort dealing with the spread-
ing and deformation of the jet in the crossflow. Recently, however, 
some attention has been given to the possibility of extending the early 
work of Lu [22], which dealt with the time-dependent problem of the 
deformation of a circular column of fluid in a two-dimensional flow, to 
the three-dimensional steady flow problem of a jet in a crossflow. In 
particular Soukup [29], Margason [39], and Hackett and Miller [36] have 
taken this approach and jet cross-sections are obtained which agree 
qualitatively with the experimental observations of Jordinson [15]. 
Vortex elements originally distributed around a cylinder are seen to 
roll up at the sides of the cross-section to form the characteristic 
kidney-shaped cross-sections of the jet plume. Semi-empirical analyses 
involving cross-sectional growth were undertaken by Wooler, et al [26] 
and Skifstad [38], hut cross-sectional deformation was not of primary 
concern in these efforts. At present then useful information concern-
ing cross-sectional deformation comes primarily from experimental 
observation [15] and [33]. 
There are several semi-empirical analyses concerned with the 
jet deflection path when the jet issues from a circular exit. Good 
agreement between semi-empirical results and experimental jet paths 
was reported by Vizel and Mostinskii [31] and Crowe and Riesebieter 
[33] considering only the aerodynamic drag on the jet, and by Keffer 
and Baines [16], Platten and Baines [32], Fearn [^5], and McAllister 
[28] considering only the entrained momentum. In addition to these 
approaches, Wooler, et al [26], reported good jet path agreement using 
both drag and entrained momentum. It appears that the effects of 
aerodynamic drag and entrained momentum cannot be distinguished from 
one another by examining the jet path alone. It is intuitively 
reasonable that entrainment has importance in both the spreading and 
deflection of the jet plume, but presently available experimental data 
are insufficient to permit a quantitative assessment of this importance. 
Nevertheless, since the use of semi-empirical analyses Ignoring the 
entrained momentum seems to require the postulation of an excessively 
large drag coefficient (C = k) [13] or a normal value of the drag 
coefficient and an excessively wide jet plume (in reference [16] the 
width is on the order of twice the width indicated by J"ordinsonTs 
Ik 
data [15]? it appears that the entrained momentum does contribute 
significantly to the deflection of the jet. 
Potential Flow Models in the Literature 
Clearly there is not sufficient information about the basic 
characteristics of the jet-in-crosswind interference to accurately model 
the potential crossflow. Nevertheless, in an effort to gain some insight 
into this problem numerous potential models have been investigated. In 
1965 Monical [25] reported a vortex lattice model whereby a wing and a 
jet efflux tube (jet plume) could be represented. The positions of 
vortex elements were fixed using experimental jet path data and a system 
of linear equations was solved by matric inversion for the vortex 
strengths, subject to zero normal flow boundary conditions at control 
points on the wing and efflux tube surfaces. Then knowing the strengths 
and positions of the elements, the interference velocities and pressures 
were calculated. Reasonable prediction of total lift coefficients was 
reported. However, this model did not in any way account for entrain-
ment of cross-sectional growth of the jet plume. In 1969 Heltsley and 
Kroger [4l] reported a similar model which was more general in that the 
boundary conditions on the jet efflux tube were adjusted to permit 
normal flow to match entrainment rates extracted from Margason's 
experimental work [12]. Streamline directions calculated In the plane 
of symmetry downstream of the jet matched experimental observations 
well, but no interference pressure calculations were made. 
Wooler [27] proposed a vortex model wherein a horseshoe vortex 
system was placed along an experimentally determined jet centerline. 
The strengths of the vortices were determined so that lifting forces 
accounted for plume "bending and a constant momentum flow was maintained 
along the jet path. This resulted in remarkably good plate pressure 
agreement with the data of Bradbury and Wood [20] far from the jet 
exit, but the agreement was poor in the regions immediately upstream 
and downstream of the jet exit. 
As was previously mentioned, Margason [39] and Hackett and 
Miller [36] have extended the work of Lu [22] in an attempt to model 
the jet-in-crosswind. Margason, however, has reported that pressure 
calculations made with his model do not yield good agreement with 
experimental data. This could be partly due to a lack of growth of 
vorticity along the jet plume, as seen by Keffer and Baines [16], 
Preliminary experimental data of reference [3^] also indicates that 
the vorticity specified by this model is not sufficiently strong. 
Furthermore, there is no representation of entrainment. 
Skifstad [38] has done some work on a vortex-sink model in which 
a line sink is placed between two counter-rotating line vortices of 
known strength. The vortices assume stable positions by lateral motion, 
and an interative solution yields jet centerline and vortex position 
coordinates and a sink distribution along the centerline. The basic 
formulation of this model would seem to be sound, in thai; it can 
account for jet deflection, cross-sectional growth, and entrainment. 
However preliminary results indicate that many refinements in computa-
tional techniques are needed. 
A rather sophisticated model wherein series expansions for the 
velocity potential are written for a region far from the jet and are 
asymptotically matched to series expansions for the potential near the 
jet has been proposed by Werner [M+]. Results of matching the zeroth, 
first, and second partial sums are interpreted as having the effect of 
a distribution of doublets along the jet in a uniform stream and a 
downwash due to a trailing vortex system. 
A very elaborate potential model was proposed by Rubbert \_k2~\. 
Vortex, source and/or doublet panels represent a wing with an inlet, 
fan, and fan centerbody, and trailing jets. However, Rubbert notes 
that the success of such a model is highly dependent on the choice of 
correct potential elements and panel spacing. Furthermore, lack of 
adequate information about entrainment renders proper specification of 
boundary conditions on the jets impossible. He recommends the choice 
of a much more simple model wherein the jet is represented by a tube 
of jet exit cross-section placed along an experimentally determined 
centerline. Normal flow boundary conditions in the form of series 
derivatives of the velocity potential are placed on this tube so that 
the zeroth order terms represent a distribution of doublets or vortices 
(blockage) along the jet. Higher order terms would represent refine-
ments to these entrainment and blockage elements, but Rubbert reasons 
that these would be influential only quite near the jet. He further 
suggests that variations of the higher order terms along the jet may 
not be very important to interference pressures on the surface from 
which the jet issues. However, it is noted that the lack of entrainment 
data restricts the use of this model, too. Rubbert suggests a 
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theoretical solution in which the series terms are adjusted to reproduce 
experimentally measured plate pressures, thus determining distributions 
of blockage and entrainment elements. 
Another interesting point presented in reference [̂-2] is that the 
difference between the influence of a doublet and that of a vortex pair 
of comparable blockage is very small at points far from either element. 
As has been seen, many of these previous models have represented 
blockage by vortex systems. In particular the models of reference? 
[27] and [38] attempt to represent the vortex roll-up observed in the 
plume. However, Xeffer [35] notes that vortex pairs are the dominant 
feature of the net plume only after the potential core has disappeared 
and significant bending has taken place. Thus it would seem that, for 
modeling the flow field in order to obtain plate or wing interference 
pressures, the blockage could be described to sufficient accuracy by 
doublets rather than vortices. 
A model utilizing doublets for blockage was proposed by Wooler, 
et al [26], prior to the publicat.ion of reference [̂ -2]. An entrainment 
function was proposed, a drag coefficient was assume^, and. the equations 
of motion along the jet were solved to yield jet trajectory and cross-
sectional growth subject to the proper adjustment of the entrainment 
coefficients. Thus an entrainment distribution along the jet was also 
obtained. Then sinks of proper strength to simulate the entrainment 
were distributed within the jet and doublets of proper strength to 
represent the cross-sectional growth were placed along the jet path. 
The jet was assumed to issue from a rectangular wing which was treated 
by lifting surface theory. Interference pressures were calculated and 
compared to corresponding experimental data. The agreement was general-
ly acceptable over most of the wing, but was quite poor near the jet. 
One series of two-dimensional models was recently reported by 
Rosen, et al [̂ +3]. Plate pressure coefficients from reference [19] 
were matched at a chosen radial distance from the center of the jet by a 
truncated Fourier series. Various two-dimensional potential models were 
then assumed and the strengths of the potential elements were adjusted 
to give the Fourier coefficients. In particular, a doublet-source-
uniform stream model, a doublet-sink-vortex pair-uniform stream model, 
and two source-free stream models were used, however, while pressures 
could be matched at the chosen radius, the agreement was generally poor. 
Of the nine three-dimensional potential models it is noted that, 
while all represent blockage, only the models of references [26], [38], 
[2+1] and [̂ 2] attempt to specifically simulate entrainment, and none 
represent wake effects. The limitations of these models appear to be 
due to a lack of sufficient experimental observations concerning wake 
formation and entrainment. 
The Present Work 
In recognition of the great difficulties of properly modeling 
the jet-In-crosswind interference, the objective of the present work 
is to provide a simple, approximate model which is capable of represent-
ing two of the major effects of the interference, namely blockage and 
entrainment. Like the previously described models, the model developed 
here is of the steady potential type. However, for simplicity, the 
present model is two-dimensional in the x,y plane. (See Figure 1.) 
Arguments based on experimental observations recorded in the literature 
showing that a two-dimensional model should be successful for speed 
ratios of 8 or more are detailed in Chapter II. It is recognized that 
a steady, two-dimensional potential model can not simulate flow condi-
tions in regions of energy loss such as the wake region, so the wake 
region is excluded from consideration in this model. It is shown that, 
except for the case of jets Issuing from very bluff jet exits, the ex-
clusion of the wake does not seriously detract from the effectiveness 
of the model. 
This model is then similar in concept to the approach of 
reference [̂ 3] in that a potential model is assumed and the strengths of 
the potential elements are adjusted so that experimental plate pressure 
data are matched. However, the present model is significantly different 
from the models of reference [̂ 3] in that it is always a blockage-sink 
representation. Blockage Is always simulated by potential elements 
closely approximating a jet exit shape plus an afterbody simulating the 
blockage of the wake. Entrainment, which is shown to be truly important 
to the interference in Chapter II, is consistently represented by a sink 
placed downstream of the center of the jet exit. The method of matching 
plate pressures, detailed in Chapter II, is also different from that of 
reference [̂ 3]« 
This blockage-sink representation is also similar to the three-
dimensional model of reference [26]. However, since it includes the 
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wake-blockage afterbody, it is not a simple reduction of the model of 
Wooler, et al [26]. Furthermore, the present model more successfully 
represents the physical situation by placing the entrainment-simulating 
sink aft of the center of the jet exit in accordance with the observed 
entrainment into the wake [16], [32], [35] 3 [^6], and [^9]. 
Although the model is two-dimensional, it is considered to be 
more general than the previously proposed models in that non-circular 
as well as circular jet exit cases are represented. To the author's 
knowledge non-circular jet exits were not considered in the other 
theoretical investigations of references [25-27], [3<3]3 and [41-̂ 4-4]. 
However, it is noted that it should be possible to extend the models 
of references [25] 5 [̂ l]j and [̂4-2] to these cases without encountering 
undue complexity. In particular the model is applied to the three jet 
exits examined experimentally in references [MS], [^7]5 and [̂ 9] f°
r 
speed ratios of 8, 10, 12, and the blunt exit of those references for 
speed ratio 20. Through the method of plate pressure matching, a semi-
empirical evaluation of entrainment rate as a function of speed ratio 
and exit geometry is obtained. By interpolation of the curves for the 
model parameters presented in Chapter II it Is possible to formulate 
theoretical models for jet exits and speed ratios other than those that 
have been experimentally investigated. 
In order to gain insight into means of controlling the adverse 
effects of the interference, the model is used in a parametric study to 
show the effects of varying entrainment and afterbodies for each of the 
three jet exits considered. This parametric study and the results are 
described in detail in Chapter III. 
Since relatively simple blockage and sink elements are used, the 
interpretation of the effects of each is straightforward. However, 
even for speed ratios equal to or in excess of 8 there is some three-
dimensionality in the flow, so this model two-dimensionally represents 
the net effects of the three-dimensional flow. Thus the wake-blockage 
afterbodies actually represent some plume spreading as well as blockage 
due to the wake. Also the position of the sink probably reflects the 
effect of some plume bending as well as the combined effect of entrain-
ment into the wake and into the plume itself. Because of this, the 
entrainment rates obtained from this model are only approximate. 
However, the qualitative trends indicated by the parametric study are 
considered to be accurate for speed ratios equal to or in excess of 8. 
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CHAPTER II 
THE TWO-DIMENSIONAL MODEL 
General Requirements on the Two-Dimensional Blockage-Sink Model 
The simplicity of a potential flow blockage-sink model makes that 
approach to the analysis of this problem very attractive. In the first 
place, potential models of this type are rather uncomplicated from a 
mathematical point of view. Secondly, the potential elements 
representing blockage and those representing entrainment are quite 
distinct, and hence the effects of each of these two factors may be seen 
separately, or when both are present the effect of their coupling may be 
observed. Therefore the Interpretation of the results of the model is 
comparatively simple. Furthermore, because of additional simplifications, 
a two-dimensional model is highly desirable, even though this may result 
In a somewhat restricted range of application. Consider, then the 
general requirements on a simple, two-dimensional blockage-sink model. 
Exclusion of the Wake Region 
The presence of the viscous wake region causes considerable 
difficulty in the formulation of a potential model for the jet-in-
crosswind interference. All of the previous potential models [25-27], 
[36], [38]? [39]? [Ul-UU] treat the entire crossflow as inviscid. how-
ever, experiments show the existence of an extensive region of low total 
pressure behind the let [15]? [̂ 6]« Therefore a constant total pressure 
steady potential model could hardly be expected to give good results 
in this wake region, although three-dimensional models involving trail-
ing vorticity [27], [Ul], [hh~\ may give fair approximations. Since a 
steady two-dimensional potential model cannot, in any way, accurately 
represent the details of a low total pressure region, the wake region 
will be excluded from consideration in the present work. The situation 
is somewhat analogous to the steady potential flow solution for flow 
about a right circular cylinder. The theory agrees well with experi-
mental data over the upstream portion of the cylinder but fails to 
predict the low pressure wake region behind the cylinder. 
It is then necessary to estimate the region of the flow that is 
strongly influenced by the wake, and which therefore must be excluded 
from the potential flow model. Oil film photographs [̂ -6] show that, for 
speed ratios of interest, i.e., greater than 2.55 the width of the wake 
is in general of the order of four times the jet exit width w at a 
distance of approximately kw downstream of the jet exit. However, the 
photographs also show a dependence of wake width on speed ratio and jet 
exit thickness ratio w/<t. That is, for a given jet exit configuration 
the wake width increases perceptibly with increasing speed ratio, and 
at a given speed ratio the wake appears to be wider for more bluff exits. 
Therefore it appears that the woke itself may be considered to cover a 
total angle of 50 degrees to 60 degrees in the region immediately down-
stream of the jet, at least on the plate. For the circular jet exit 
case total pressures surveyed above the plate [15] indicate that the 
region of total pressure loss covers a similarly large region even 
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several jet exit diameters off the plate. However, while the oil film 
photographs show the wake as clearly defined, the total pressure surveys 
lack this sharp definition. The data of reference [15] are presented as 
curves of constant total pressure coefficient defined as the difference 
between local and free stream total pressure divided by the difference 
between the total pressure of the jet at the exit and the free stream 
total pressure. Therefore, although an orderly presentation of the 
data is made, it is difficult to draw definite conclusions when directly 
comparing data for different speed ratios. It is implied, but not 
stated directly, that all tests were made with the same crossflow 
velocity and total pressure. Assuming this to be true, the indication 
from the total pressure surveys is that as speed ratio is increased the 
wake does become wider, but at the same time it becomes weaker; i.e., 
there is a wider region of reduced total pressure, but the actual total 
pressure loss is less. Therefore it is very difficult to state definite-
ly the size of the wake. However, since only low speed flows are 
considered, the influence of the wake undoubtedly extends over a much 
larger region of the flow than that occupied by the portion of the fluid 
that has experienced a severe total pressure loss. For all of these 
reasons, in this study a region downstream of the jet covering a total 
angle of 90 degrees ($ > 135°) is excluded and is referred to as the 
"wake region". With the exclusion of this arbitrary wake region very 
promising agreement with experimental data results, as is demonstrated 
in the following example. 
Consider a very simple two-dimensional model with a line doublet 
and a line sink placed along the z-axis, simulating respectively the 
blockage of a circular jet and entrainment by the jet. Using the 
coordinate system shown in Figure 3, the plate pressure coefficient for 
this flow is 
0 = (l/r) + 2K cos 8 (l/r)3 + (2 cos2B - K2)(l/r)2 (2) 
- 2K cos B (l/r) , 
where r is the radial coordinate non-dimensionalized by a , the 
effective jet radius, K is the dimensionless entrainment coefficient 
defined by 
e oo 
and m is the sink strength, representing the volume of air entrained 
into the jet per unit length of jet per unit time. The effective 
radius a is the radius of a circle having the same area as the jet 
exit under consideration. Hence in this case a = a. The integrated 
interference force coefficient for the area 1 ^ r ^ R and 0 ^ 8 ^ 8 




C r dr d B , (k) 
* y 
v„ 
Figure 3. Coordinate System in the Plane of the Plate 
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which for this case becomes 
C = ( -i- - i - K^nl^B + 2K(2 - R - |)sin 3 Q (5) 
S 2R 2 
+ InR sin28 . Ko 
For the case of a free jet exhausting into still air (V = 0) the 
appropriate dimensionless entrainment parameter is m/(2ira V.). 
Experimental data [50] for "the circular free jet case gives m/(2ira V.) 
= 0.08. For the case of a jet in a crossflow, m/(2na V.) = KV"/V .. 
1 e j oo' j 
With V. /v = 8 the convenient value of K = 1.0 corresponds t o 
3 m 
m/(2TTa V.) = 0.125? which i s comparable i n magnitude t o the free j e t 
" J 
v a l u e . Using K = 1.0, C va lues are c a l c u l a t e d and compared wi th 
exper imenta l va lues [^9] f ° r "the speed r a t i o V. /v = 8 in Table 1, 
J 
which shows that the calculated C values including the wake region 
s ° 
are much smaller than the experimental values, while the values 
excluding the wake region are of the proper order of magnitude. 
Since the concern of this work is the effects of interference 
on plate pressures, it is necessary to observe the contribution to the 
suction force due to low plate pressures in this arbitrarily excluded 
wake region. The experimental work of reference [̂ 9] provides plate 
pressures for jets exhausting from three different exits and for a 
range of speed ratios. Therefore it is possible to calculate from 
these data the integrated interference force coefficient with the upper 
limit R = 5j 10? and 15, including and excluding the wake region, for 
1. Comparison of Calculated and Experimental Interference Force Coefficients, 
Wake Included and Wake Excluded 
Interference Force Coefficient 
Wake Included (p = TT) Wake Excluded (3 = 3/4TT) 
Calculated 
(K - 1) 
Experiment 
( v . / V 8) 
-6.6 -22.0 
-8.8 -h6.k 
-10 .2 -67.5 
Calculated 







jet exits with thickness ratio w/£ =0.3, 1.0, and 3.k and for speed 
ratios V./V = 8, 10, 12, and 20. The results are shown in Figures k, 
5, and 6 in terms of AC /'C , where AC is the difference 
wake/ e wake 
between the integrals calculated by including and excluding the wake 
rehion. The calculations were carried out numerically using the 
trapezoidal rule. It is interesting to note that the contribution of the 
wake region to the suction force diminishes with increasing speed ratio 
for all three jet exit configurations. This seems to be in agreement 
with the previous conclusion that the wake becomes weaker with increas-
ing speed ratio. For the streamwise and circular jet exit (w/£ =0.3 
and 1.0) it is seen that the contribution of the wake region is greatest 
near the jet exit and diminishes as the upper limit of integration is 
increased, while for the bluff exit (w/-€ = 3.̂ -) the opposite is generally 
true. For the speed ratio range 8 ̂  V./V =20 the contribution of the 
wake region is never greater than 20 percent of the total suction force 
for the circular jet exit and 15 percent for the slender exit, which 
is significant in light of the fact that the wake region is 25 percent 
of the plate area. For these cases the low pressure effects in the 
wake region are less important than the effects of blockage and 
entrainment over the rest of the plate in terms of suction force. There-
fore a properly specified blockage-sink model excluding this wake region 
should be useful for studying interference effects in terms of plate 
pressures. For bluff exits the contribution to suction force due to 
the wake region is generally quite large. Except in the case of 
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Figure 6 „ Portion of Suction Force Occurring in the Wake Region, R = 15 
region may be very useful in representing the effects of blockage and 
entrainment upstream and to the side of such a jet, but it would 
grossly underestimate the suction force or lift loss for v/STOL 
application. While the effects of blockage and entrainment for jets 
exhausting from very bluff exits are of interest, the tendency of such 
jets to produce extensive low pressure wakes would appear to make them 
impractical for lifting jet applications. 
The Importance of Entrainment 
The question has also arisen as to whether entrainment is truly 
significant in the determination of interference pressures. The 
analyses of references [25]? [27]? [36], [39]? and [^] incorporated no 
procedures to account for entrainment effects. Bradbury and Wood [20] 
undertook an analysis of the effect of entrainment on the suction force 
and concluded that the contribution of C from the entrainment is small 
s 
in a blockage-sink representation including the wake as a part of the 
potential flow region. However, they neglected the effect of the free 
stream velocity on the local dynamic pressure, so that their result was 
in error. This may be seen in Table 2 in which C values are calculated 
s 
both by including (K = 1.0) and omitting (K = 0) the entrainment effect 
and including ((3 = TT) and excluding (p = 3/k TT) the wake region and 
are compared to experimental values for V./v = 8. Clearly the calculated 
J 
values omitting entrainment, even excluding the wake region, are too 
small, but whether or not the wake region is excluded, the contribution 
of entrainment to the calculated values of C is very significant. It 
s 
can be seen, for example, that for the case in which the wake is 
Table 2. The Effect of Entrainment on the In t e r f e rence Force Coef f i c i en t , 
Wake Included and Wake Excluded 
In t e r f e rence Force Coeff ic ient 
Wake Included (8 = TT' Wake Excluded (p = 3An) 
R Calculated Calculated Experiment Calculated Calculated Experiment 
(K = 1.0) (K = 0) (v./v = 8) (K = 1.0) (K = 0) (V./V = 8 
y co 
5 -6.6 -1.5 -22.0 -11.0 -2.7 -17.7 
10 -8.8 -1.6 -k6.k -20.4 -3.5 -38.2 
15 -10.2 -1.6 -67.5 -28.8 -3.9 -56/3 
O0 
OO 
excluded the contribution of entrainment to the calculated C values is 
s 
itself of the order of magnitude of the experimental values of C . 
* s 
Clearly then the effect of entrainment on the plate pressures is quite 
significant, especially if the wake is excluded. 
In order to represent entrainment "by a sink or sinks it is 
necessary to make some reasonable estimate of the entrainment rate and 
the region in which entrainment takes place. Unfortunately reliable 
data from which information about the entrainment rate may he extracted 
directly are scarce. Keffer and Baines [16] present an entrainment 
parameter for initially circular jets based on experimental observations 
in which they compared volume flow rates across consecutive plume cross-
sections. However, because it is extremely difficult to define the flow 
direction in the jet plume, this method of measuring entrainment is 
probably inaccurate. Reference [16] gives an indication of a trend 
toward increasing entrainment rate with increasing speed ratio but it 
is difficult to evaluate the validity of this trend. Although it is 
easy to criticise the work of reference [16], it is extremely difficult 
to find means of improving the experimental technique of that work. 
In the absence of more definitive entrainment data it is necessary to 
evaluate entrainment rates semi-empirically. 
Experimental observations are considerably more helpful In 
determining the region in which entrainment takes place. Examination 
of oil film photographs [U6] and flow direction surveys [15]> [̂ 9] shows 
that entrainment occurs in the wake as well as in the jet itself; this 
same conclusion was reached by McAllister [28] and Flatten and Baines 
[32]. 
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In particular it appears that as the jet plume is deformed, a pair of 
counter-rotating vortices is formed and these vortices effectively 
pump crossflow fluid into the plume. Thus entrainment in the jet-in-
crossflow situation is more complicated than in the simple free jet 
case, involving not only the mixing entrainment due to the velocity 
difference of two streams but also a vortex-induced pumping phenomenon. 
In their analysis of the jet deflection path Platten and Baines [32] 
present an interesting approach to a semi-empirical evaluation of 
entrainment rates. They use two entrainment parameters, considering 
one to represent the free jet type of entrainment and the other to 
represent the vortex-induced entrainment. These were both varied until 
a simultaneous solution of plume continuity and vertical momentum 
equations yielded a good approximation to the jet path. The values of 
the resulting "free jet" entrainment parameter corresponded generally 
to the order of the entrainment rate for free jets reported by Ricou 
and Spalding [50]• However, the analysis of reference [32] is appli-
cable only to the region of the jet plume that has experienced much 
deflection and makes a relatively small angle with the crossflow. 
The fact that entrainment does occur in the wake suggests that 
in a blockage-sink model the entrainment effect may be better represented 
by a distribution of sinks entending into the wake region. Unfortunately 
no experimental Information is presently available concerning the nature 
of this distribution. One simple approximation for the distribution 
might be the use of two sinks, one at the center of the jet exit and 
one in the wake. The difficulty then comes in assigning the strengths 
of the two sinks. The results of Flatten and Baines cannot be used in 
a two-dimensional model since their approach assumed large deflection 
of the plume and the two-dimensional model applies to the portion of 
the jet plume that is deflected very little. Since the addition of a 
second sink of unknown strength compounds the difficulty of determining 
the model parameters by matching experimentally obtained plate pressures, 
a two-sink model contradicts the present goal of providing a simple 
model. However, some preliminary calculations were made assuming, in 
conjunction with a line doublet along the z-axis, a continuous distri-
bution of infinitesimal sinks (sink sheet) lying in the x-z plane 
between x = 0 and x = k with a constant strength per unit length in the 
x-direction. It was found that the resultant interference plate pres-
sures were very little different from those obtained from a model con-
sisting of the doublet and a single line sink of equivalent strength 
placed at x = 2. Furthermore for any sink distribution there would 
be a mean location at which a single sink of equivalent strength would 
produce virtually the same effects on the flow outside the wake region. 
Therefore in this study a single sink located at a distance x down-
stream of the origin is used to represent the combined effect of jet 
and wake entrainment. 
Range of Validity of the Two-Dimensional Model 
While it is recognized that the jet interference problem is 
basically three-dimensional and the results of a two-dimensional 
analysis can 'at best be approximate, the simplicity and versatility 
resul t ing from the use of a two-dimensional model makes the approach 
a t t r a c t i v e . To determine the range of speed r a t i o for which the two-
dimensional representation may be reasonable, the effects of j e t 
deflect ion, j e t deformation, and var ia t ion of entrainment ra te along 
the j e t path, none of which can be adequately accounted for in the 
two-dimensional model, were examined. 
To detect the three-dimensional effects of j e t deflection, 
calculations were made with the empirical j e t centerl ine formula for 
an i n i t i a l l y c i rcular j e t [27] 
x = G(cosh z/G - 1) (6) 
where 
G = o.38(v./v ) 2 . (7) 
J ro 
This formula, which is conservative in that it describes greater 
deflections than are observed experimentally, results in jet deflec-
tions of less than one jet exit radius at a plane six radii away from 
the plate surface when V./v = 8. It then would not be expected that 
the effect of jet deflection would be very significant for speed ratios 
greater than or equal to 8. To verify this conclusion for the circular 
jet exit case, the plate pressure distribution was computed using a 
large number of three-dimensional doublets and sinks distributed along 
the jet centerline path given by the above formula for the case 
V./v = 8. The resulting plate pressures were compared with the plate 
pressure d i s t r ibu t ion obtained for the corresponding two-dmensional 
doublet-sink model as shown in Figure J. I t i s seen tha t the effect 
of j e t deflection is indeed very small for t h i s speed r a t i o . For 
V./V > 8 the j e t deflects even less and the effects of j e t deflection y co 
are expected to be even less important. However, similar calculations 
for V./V = ^ showed that at lower speed ra t ios bending does have a 
significant influence. (See Figure 8 ) . Thus i t appears that the effect 
of j e t deflection is not very important for V./V = 8 for the case of a 
c i rcular j e t exit configuration. I t is reasonable to assume that for 
the case of non-circular j e t exit configurations the same conclusion 
holds, provided that the j e t plume penetration is not much less than 
that for the ci rcular j e t exit case at V./v = 8 . 
The effects of j e t deformation may be examined by considering 
charac ter i s t ics of po ten t ia l elements in conjunction with experimental 
observation. The veloci ty induced at a given point in the flow f ie ld 
by a three-dimensional blockage element i s inversely proportional to 
the cube of the distance between the point and the element, and the 
veloci ty induced by a sink element is inversely proport ional to the 
square of the distance [51]. In three-dimensional models the t o t a l 
induced veloci ty at a point i s the cumulative effect of a closely 
spaced d is t r ibu t ion of small three-dimensional elements. Therefore, 
even if the strength of the individual elements changes considerably 
as distance along the plume is increased, the influence of the elements 
near the p la te dominates the t o t a l effect in the region of the pla te 
near the j e t ex i t : but i t does not necessari ly dominate the t o t a l 
Two-dimensional 
doublet and sink 
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induced velocity in regions far from the jet. For the case of a 
circular jet exit existing experimental information indicates [26] that 
the change of jet exit shape from a circle to a characteristic kidney 
form takes place in the region 0 ̂  z ̂  0.6 V./v . It then appears that 
J 
in regions close to the jet exit the influence of the jet shape change 
is not very important for speed ratios V./V =8* The same conclusion 
may "be drawn concerning the influence of entrainment rate change, pro-
vided the entrainment rate does not change by as much as an order of 
magnitude in the first ten jet exit diameters or so along the jet plume. 
It should be noted that, while the effects of deflection and 
deformation and variation of the entrainment rate along the plume are 
not expected to be large near the jet exit, they will be present. 
These effects on the plate may be approximately simulated by small 
alterations to the basic two-dimensional model. For example, instead 
of using a blockage element which, in the presence of a uniform stream, 
closely simulates the exact shape of the jet exit, the model may employ 
a blockage element which forms a somewhat wider shape, thus approximat-
ing the effect of plume spreading. Similarly, an aftward shifting of 
the sink position may be used to simulate the effect of entrainment 
into the plume which has been physically deflected downstream. 
It then appears that a two-dimensional model should give good 
results In terms of plate pressures near the jet exit (less than 10 
jet exit radii in the case of a circular exit or an equivalent distance 
for non-circular exits) for speed ratios of about 8 or greater, pro-
vided that the wake region is excluded. 
k2 
Details of the Two-Dimensional Model 
The General Method of Computation 
All calculations for all variations of the model are treated in 
the same manner; i.e., the velocities at a point due to the "blockage 
elements in the crossflow and those due to the sink elements are 
superposed to form the total velocity, from which the plate pressure 
coefficient is calculated. Let u and v he the velocity components 
(non-dimensionalized by V ) in the x- and y-directions, respectively. 
Then 
U = \ + Us ' ^ 
V = V, + V , (9) 
h s J w / 
where the subscript b denotes crossflow velocity components as affected 
by blockage only and the subscript s denotes those due to the sink. 
The components u and v are obtained by the relations 
s s 
K(x - x) 
us = ; &-r-z ^o) 
(x - x) + y 
^ " t ' ^ H- ^ (li; 
(x - x) + y 
where x is the dimensionless sink location and K is the dimensionless 
o 
entrainment paraneter. Since this is a two-dimensional model, u and 
3̂ 
v are the velocity components on the plate. The plate pressure 
coefficient is then simply 
c = l - u
2 - v 2 . (12; 
P 
Additional information is found by integrating the plate pressure 
coefficient along radial lines to form the force distribution coeffi-






C r dr , (13) 
p 
where R is the periphery of the jet exit non-dimensionalized by a . 
Note that C^ is a function of the angle |3. The integrated interference 




° cF dp . (ik) 
0 
Since the algebraic expressions for the velocity components are 
generally rather cumbersome and involve complex numbers, the computation 
of C is accomplished by use of a digital computer, as are the 
integrals C„ and C . Appendix B gives the details of these routine 
j s 
comput at ions. 
Blockage Elements Without Afterbodies 
The most simple blockage element is a doublet in a uniform stream 
•which can be used to represent the blockage due to a jet issuing from a 
circular exit. The effect of the doublet, like those of all the block-
age elements that follow, is most simply described mathematically by the 
complex potential function. Let the complex number Z describe the non-
dimensional coordinates of the plane of the plate; i.e., let 
Z = x + Xy . (15) 
Then the complex po ten t ia l function for the doublet in a uniform s t re 
V in the x-direct ion, non-dimensionalized by V and a , is 
co co e 
am 
: + | ) 
and the complex veloci ty i s simply 
dw - +XK = - (l - 4r) • (17) dZ = " \ + - c \ = " \ L - 2̂ 
In addition to a circular jet exit, reference [U6] considered 
jets issuing from a round-ended slot exit which consists of a straight-
sided slot of width 1.0 inch and semi-circular ends of radius 0.5 inch 
so that the total length of the exit is 3-56 inches. The configuration 
is shown in Figure 9« The area of this exit is the same as the area of 









Figure 90 Shapes of Jet Exits 
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so that the effective radius a = 1 inch. This exit was designed so 
e 
that it could be installed in the plate with its longer dimension 
aligned with or perpendicular to the crossflow so that relative to the 
crossflow it represents two exit configurations. When the longer 
dimension of the slot is aligned with the crossflow, the configuration 
is termed "streamwise"; in the other orientation it is referred to as 
the "blunt" configuration. These configurations are approximated by 
an ellipse having major axis of 3-5^ and minor axis of 1.0. This 
ellipse is also shown in Figure 9. It should be noted that this 
ellipse has about 16 percent less area than the jet exit used in the 
experiment. Nevertheless, for the equivalent radius in the calculation, 
the value a =1.0, corresponding to the test exit, is used. By rotat-
ing this ellipse relative to the free stream two elliptic blockages are 
obtained corresponding to the streamwise and blunt test configurations. 
These elliptic blockages and the flow about them are obtained 
by standard conformal transformations. Consider flow about a circle 
of radius a In the £-plane (Q = § + AA]). The dimensionless complex 
velocity for this flow is 
^ = - ( l - l/(£/as)
2) • (18) 
The circle [cl = a -̂s transformed to an ellipse with semi-major axis 
A and semi-minor axis B by the relation 
Z = ^ 4(A 2 - B2) i > (19) 
hi 
provided that a = J(A + B) , where Z = x + A,y describes the plate 
plane. The upper sign is used for the blunt configuration and the 
lower for the streamwise. This convention is used in the remainder of 
this work. The complex velocity in the Z-plane is then simply 
dcu _ dec / dZ (2fS) 
dZ d £ / dC ' 
where 
| = 1 ± i ( A
2 - B 2 ) i - (2D 
In order to obtain the ellipse shown in Figure 9 these relations are 
used with the specific A = I.678 and B = 0.500. 
Calculations were made using these simple blockage models in 
conjunction with a single sink located at x . Several cases were 
s 
considered for each jet exit shape so that the sink was located 
successively at several values of x and the appropriate corresponding 
values of K were computed. (See the section "Method of Choosing the 
Sink Parameters and the Best Fit Models"). It was found that good 
agreement with the experimental data [̂-9] could be obtained over a 
large region upstream of the circular jet exit, but the agreement grew 
progressively worse with increasing 8. Similar results were obtained 
with the streamwise ellipse model which resulted in the best agreement 
with experimental data for V./v = 12, as shown in Figure 10 and 11. For 
the blunt ellipse model the results were very good for 8 ̂  90 degrees, 
V, 
Experimental data 
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Figure llc Force Distribution for the Streamwise Exit, V^/Vco= 12, 
Simple Model 
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but for 3 > 9° degrees the results of the model did not agree at all 
with the experimental data, as may be seen in Figures 12 and 13. The 
progressive deviation of the theoretical results (dashed curves) from 
the experimental data (solid curves) is easily seen in all these 
figures. The results from the simple blockage-sink models were en-
couraging, but the inadequacies near the wake region were disturbing. 
The Afterbody Forms 
The results cited above suggest that the wake region has an 
important blockage effect. At present the wake is not amenable to 
detailed description. However, this blockage effect can be incorporated 
in the blockage-sink model by the addition of an afterbody to the basic 
blockage element. The afterbodies must represent the wake blockage in 
terms of width and point of intersection with the basic blockage 
element. Although the oil film photographs tend to indicate that the 
width of the wake increases with increasing speed ratio for a given jet 
exit shape, careful study of the total pressure data of Jordinson [15] 
tends to indicate that the region of severe total pressure loss actually 
decreases in width with increasing speed ratio. Therefore, it would 
appear that the width of the afterbody representing blockage by wake 
fluid which has experienced severe total pressure loss should decrease 
with increasing speed ratio for a given jet exit configuration. With 
all other parameters of the theory held constant, the point of inter-
section of the afterbody with the basic blockage element controls the 
total width of the blockage so that as the intersection point moves 
aft on the basic blockage element the total width is reduced. Now in 
the physical situation the plume actually deforms, becoming wider with 
51 
Experimental data 
Figure 12„ Plate Pressures for the Blunt Exit, Vj/V^ = 12 
Simple Model 
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increasing distance from the plate. Since the present model is two-
dimensional, it can not directly represent this deformation. However, 
by specifying the point of intersection so that the total width of the 
blockage is somewhat wider than the jet exit, some of the effects of 
the deformation may be simulated in terms of plate pressure. Therefore 
the point of intersection should move aft on the basic blockage element 
with increasing speed ratio since with increasing speed ratio the plume 
deforms less at a given distance off the plate. 
The use of an afterbody to represent the blockage due to the 
wake is well illustrated by the case of a solid right circular cylinder. 
It has been shown in reference [20] that the pressure distribution 
around a solid circular cylinder calculated from potential theory 
accounting for only the cylinder blockage differs significantly from 
the experimentally observed pressure distribution on a plate to which 
a solid circular cylinder is attached perpendicularly. It is noted 
that the tested solid cylinder case, aside from the plate boundary 
layer effect, is truly two-dimensional. Figure lh presents a comparison 
of the calculated and experimentally obtained constant pressure contours 
shown in terms of the pressure coefficient C . The dashed curves are 
P 
calculated contours and the solid curves are experimental. It is seen 
that the simple potential theory fails to show the lateral spread of 
the low pressure region for 3 > 90 degrees. Since the effect of plate 
boundary layer on the plate pressure is of secondary importance [20], 
it is suspected that the effect of blockage of the crosswind by the wake 
is of considerable importance. Accordingly, constant pressure contours 
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sentation and compared with the experimentally measured pressure 
distribution around a circular cylinder in Figure 15. Again, the 
dashed curves are calculated contours and the solid curves are experi-
mental. The shape of the afterbody used in the calculation is also 
shown in Figure 15. The agreement between the two sets of contours 
is quite good outside the excluded wake flow region; in particular, the 
solid cylinder-afterbody model results in a lateral spread of the low 
pressure region for (3 > 90 degrees. A comparison of Figure ik and 
Figure 15 shows clearly that the addition of the afterbody signifi-
cantly improved the blockage representation. 
The afterbodies used in this work are obtained in the following 
manner: consider a Rankine oval placed in the £ T -plane (£' = §' + 'i%\'), 
as shown in Figure 16. The Rankine oval has half-length I and half-
a 
width w and in general the upstream stagnation point 5' is displaced a 3 
from the origin of the £! coordinate system. All lengths are non-
dimensionalized by a . The Rankine oval is formed by a source-sink 
e 
p a i r of s t r e n g t h S separa ted by a d i s t a n c e D immersed in a uniform 
stream V . These parameters are r e l a t e d by the equa t ions 
w i.D
2= Dw cot 
D w 
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Therefore if two of these parameters are specified the others may he 
calculated. In this work values are chosen for t and w , and 
a a 
equations (22) and (23) are solved for D and s/v , respectively. The 
dimensionless complex potential function for flow about the Rankine 
oval is the £'-plane is 
uo = - c - ( §- )ta(c - i') + ( |- )to(c - ?•) , (24) 
where the source is l oca t ed a t 
%1! = I - 2 cos 3 - D/2 , (25' 
s l a w / 7 x • 
the sink is located at 
5'= £ - 2 cos p + D/2 , (26) 
3 2 a w ' 
and the upstream stagnation point is at 
?3 = - 2 cos pw . (27) 
In order to obtain a unit circle with an afterbody, the transformation 
relation 
£' = Z + 1/Z (28) 
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is employed. This relation transforms the portion of the 
Ê '-axis - 2 ̂  g1 ^ 5* into a portion of a circle of unit radius, and 
the Rankine oval becomes an afterbody intersecting the circle at 
Z = e ^ w , as shown schematically in Figure .17. The choice of 
B is arbitrary, except that B should increase with increasing speed 
ratio as previously argued. The complex potential in the Z-plane is 
then 
ID = - (Z + 1/Z) + ( 
I2 - * D2 
D 
(29) 
to(z + i/z - sp - to(z + i/z - q ) 
and the complex velocity is 
\ + a . =
 <k = - a - i/z2) 
b dZ 
(30) 
( a ^ h—)fi/(z + i/z - a) - i/(z + i/z 
D a' - Si) 
To obtain the elliptic blockage elements equations (29) and (30) 
are simply scaled up so that they represent flow about a circle of 
radius a and are placed in the r-plane. Then the transformation 
C 
equation (19) is applied and the complex velocity is given by 
equation (20). 
*. x 
Figure 17„ Cylinder with Afterbody (Schematic) 
o 
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Note that for the elliptic "blockage elements with afterbodies 
the intersection of the afterbody with the ellipse is not described 
by Z = e ~w because an additional transformation has been 
employed. For these cases the intersection points occur at 
x± = - \ [(A + B) =F (A - B) cos j3 
w 
(31) 
± y. (A + B) ± (A - B) I sin B 
w 
(32) 
when the upstream stagnation point of the Rankine oval is specified as 
'3 
2 cos 3 , as i t always i s in t h i s work. The m u l t i p l e s igns in w 
the r i g h t hand s ides of equat ions (31) and (32) follow the s ign conven-
t i o n for b l u n t and streamwise e l l i p s e s ; the m u l t i p l e s ign on the l e f t 
hand s ide of equat ion (32) r e p r e s e n t s the symmetry about the x - a x i s . 
Figure 18 shows the coord ina tes x . , y . as funct ions of 8 for a l l t h r e e & 1 1 w 
j e t e x i t approximations considered. 
The choice of the Rankine oval parameters and the a f t e r h o d y - j e t 
e x i t i n t e r s e c t i o n po in t i s a r b i t r a r y . The v a r i a t i o n of (3 (which 
con t ro l s the i n t e r s e c t i o n p o i n t ) and the gene ra l v a r i a t i o n of t he 
af terbody width with speed r a t i o have a l r eady been d i scus sed . However, 
some g u i d e l i n e s for the choice of w were ob ta ined . I t i s reasonable 
a 
to assume that the afterbody, if it is to represent blockage due to 
the presence of a wake, should be relatively long. Since the 90 degree 
total angle wake region is to be excluded from the calculations, it can 
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this study is that in the immediate vicinity of the Jet exit. There-
fore it appears that the half-width of the Rankine oval, w ,should be 
a 
of greater importance than the half- length, t , since these are rather 
a 
closely related to the final afterbody width and length, respectively. 
To check this conclusion some preliminary calculations were made 
assuming a constant Rankine oval width (w = 1.0) and varying the half 
a 
length 2 ̂  I ^ U.80. It was found that for this constant width very to a 
little change occurred in the pressure field for a circular jet exit 
with varying half-length, t • (See Figure 19.) For the remainder of this 
a 
work then the value of t is arbitrarily chosen to "be t = 4.80. With 
a a 
this choice of Rankine oval length a wide range of Rankine oval widths 
were used in obtaining the best fit models, as described in the follow-
ing section, and it was found that varying width was indeed important 
to the detailed pressure field. 
It should be noted that the afterbody half-width following the 
transformations is not the same as the Rankine oval half-width. General-
ly the downstream portion of the Rankine oval transforms without signifi-
cant distortion. However, for small real coordinates the distortion of 
the imaginary coordinates becomes greater so that the effective width of 
the blockage is slightly increased. 
Method of Choosing the Sink Parameters and the Best Fit Models 
The method of determining the combination of blockage elements 
and sink parameters that best represent the experimentally observed 
plate pressures is as follows: 
V, 
Cylinder with Afterbody, 
wa = l'°> Xa = 2'°> 
xr = 3o0, K = 1.57 
Cylinder with Afterbody, 
w, - 1.0, iR = 4.80, 
Xo - 3o0, K = 1.57 








Figure 19. Effect of Rankine Oval Length on Plate Pressures 
for a Given Rankine Oval Width, Circular Jet Exit 
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(1) A jet exit shape and a speed ratio are chosen. 
(2) A candidate blockage element is chosen. This may be any 
blockage element representing the jet exit shape and an afterbody, as 
described in the preceding section. 
(3) A sink position x is chosen. The first choice is usually 
x = 0, that is, the sink is placed at the origin. 
The non-dimensional sink strength K corresponding to the choice of 
blockage element and sink position is calculated by matching the ex-
perimentally observed plate pressures [^9] o n "the upstream dividing 
streamline. The method of this calculation will be given in detail 
later. At this point a candidate blockage-sink model is completely 
specified. Then plate pressure coefficients C and integrated force 
distribution coefficients CL are calculated. Constant C contours are 
F p 
plotted and compared to those obtained experimentally [̂ +9]? and the 
calculated C curves are compared to the corresponding experimental 
F 
data. Generally the calculated pressure distribution does not agree 
well with experiment over a large portion of the plate. If this is the 
case, retaining the same candidate blockage element, a new sink position 
x aft of the previous position is chosen, a new K is calculated, and 
0 
the resulting plate pressure data are compared to experimental data. 
This procedure is repeated until the combination of this candidate 
blockage element and sink parameters resulting in best comparison with 
the experimental data is found. The criterion for "best comparison" is 
good general agreement of the C contours and the C curves when R = 5, 
as will be discussed later with examples. In general this candidate 
oo 
"best fit" model results in regions of poor agreement with the 
experimental data, in which case a new blockage element is chosen; and 
step 3 is repeated. The choice of new blockage elements is repeated 
until a wide range of afterbody widths and afterbody-jet exit inter-
section points has been considered. Comparing the best fitting results 
from all of the blockage elements a final "best fit" blockage-sink 
model is chosen. That is, after a wide range of afterbody widths, 
after-body-jet exit intersection points, sink positions, and sink 
strengths have been considered, the combination resulting in best 
comparison to the experimental data for the given jet exit shape and 
speed ratio is chosen as the best fit model according to the standards 
to be discussed later. The sink strength is then a semi-empirical 
measurement of the entrainment rate. 
The method of calculating a K compatible with the given blockage 
element involves matching the experimentally observed plate pressures 
[1+9] along the upstream dividing streamline (3 = 0). This method was 
chosen because in both the experiment and the analytical model the flow 
direction along this line of the plate is in the x-direction for all jet 
exit shapes and all speed ratios, so only one component of velocity need 
be considered. At all other points on or very near the plate the flow 
direction has never been measured accurately; only experimental plate 
pressure data are available. It is impossible to accurately convert 
these pressure data to velocities that may be assigned to either the 
blockage- or the sink-element in the model. Along the 3 = 0 line, then, 
the total non-dimensionalized velocity is simply u, where in the model 
67 
u = ̂  + us . (33) 
It is clear that if the plate pressures produced by the model are to 
agree with the experimental data the velocity u must equal the local 
test velocity u ; i.e., along the line $ = 0 
*b 
(3h) 
Since i t is known that the t e s t veloci ty is in the x-direct ion, the 
pla te pressure data are readi ly reduced to the dimensionless velocity 
according to the re la t ion 
u+ = l - c . (35) 
t */ p 
Therefore the dimensionless velocity due to the sink required to match 
the empirical data is 
us = Jl - c - ̂  , (36) 
which is actually a function of x. The sink-induced velocity u is 
s 
then calculated at several points x., and at these points the dimen-
sionless entrainment coefficient K., used as a positive number, is 
K. = (xg - x.) us (37) 
where 
m *j " 5577- (38) 
e co 
and a is the radius of a circle having the same area as the jet exit 
under consideration. Although the actual value of a for the elliptic 
"blockage models is about 8.5 percent smaller than the radius of the 
circular jet exit, the value of a for all of the experimental jet 
e 
exits was the same, and the experimental value was used in these cal-
culat ions. 
Ideally for a given speed ratio, "blockage element, and sink 
position, the K.'s thus calculated should be the same for all x.. 
J" J 
However, in most instances there is some variation in K. with x.. The 
3 3 
K to be used in calculating the sink-induced velocities on the plate 
is taken to be the arithmetic average of the values indicated by the 
experimental data. It should be noted, however, that better results 
are obtained when the calculating points x. are chosen to be fairly 
d 
closely spaced for x. > - 5 and sparsely spaced for - 10 < x. < - 5« 
j J 
This is reasonable when it is recalled that three-dimensional effects 
are more influential at large distances from the jet exit. In Table 3 
a typical choice of calculating points and the resulting values of K 
are given. A comparison of calculated and experimentally observed 
pressure coefficients along the line 3 = 0 for this case is given in 
Figure 20. 
In order to choose a "best fit" model it is necessary to 
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Table 3- Variation in Calculated Values of K 
x 
-1 .25 1.69 
-2 .00 1.2+5 
-3 .00 1-3^ 
-5 .00 1.13 
-10.00 O.72 
Average K = 1.27 
Model Parameters Circular jet exit 
I = U.SO 
a 
w = O.83 a 
w 
= 51 degrees 
x = 2.0 
s 
Test Conditions Circular jet exit 
V./V = 8 
0o2 
Ool 
- O o i ^ 
Experimental data' 
Circular jet exit, V./Vc 
Calculated data, 
= 2o0, K = 1027 
-0o2 L 
Figure 20. Comparison of Calculated and Experimental Pressure 
Coefficients Along the Line j8 = 0 
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minimize the errors in some manner. Unfortunately it is extremely 
difficult to choose an objective means of quantizing the errors incurred 
by using this method. One cannot choose to compare on the basis of 
detailed plate pressures, which is the most direct means, for the error 
in this quantity varies dramatically over the entire plate; since there 
clearly are regions where the two do not agree, comparisons at points 
on a closely spaced grid could result in indicated errors ranging from 
zero to a hundred percent or more. Choosing to compare the pressures at 
discrete points is not very satisfactory, for by an unfortunate choice 
of points the indicated error could be very misleading. It seems that 
the only practical means of basing the test for agreement on the plate 
pressures is by visual inspection of the C contours. However, this 
is subjective and may be deceptive. For instance, in regions of small 
pressure gradient the C contours may not appear to agree well; but in 
these regions a point-by-point comparison of the pressure coefficients 
would show that the agreement is actually reasonably good. The region 
[3 < 60 degrees, r < 10 in Figure 21 provides a good example of this 
difficulty. Since a point-by-point comparison in such regions is 
extremely cumbersome and time consuming, another criterion was sought. 
It was reasoned that if the pressure coefficients actually agree well 
over a region, the integrated force distribution coefficient should 
agree very well indeed. Again, due to significant variations with (3 
of the error in C , the error in these curves cannot be conveniently 
established quantitatively. However, visual inspection reveals the 
distribution of the errors and even rather small changes resulting 
.Experimental data 
•Calculated r e s u l t s , 
x0 = 2 o 0, K = 1027 
Figure 21 0 P l a t e P re s su re s for the C i rcu la r E x i t , V^/V^ = 
from variat ions in the model parameters. Since the accuracy of the 
two-dimensional model i s expected to diminish with increasing distance 
from the jet exit, the comparison of 0 curves should be based primarily 
F 
on values of R = 5. 
As an example of the application of the visual comparison of C 
contours of C curves in obtaining the "best fit" models, consider the 
F 
case of a circular jet exit and V /v = 8 . Figures 21 and 22 show the 
J ra 
results of one candidate model in which x =2.0 and K = 1.27, as 
s ' 
calculated in Table 3. The solid curves are experimental results and 
the dashed curves are the calculated data. Clearly the C contours do 
p 
not agree very well in the region 8 > 80 degrees, r > 5 (Figure 21). 
Furthermore for 8 > ko degrees the integrated force distribution 
coefficient CL does not agree extremely well with the corresponding 
r 
experimental data, although the error does not appear to be serious 
when F = 5« Following step 2 of the outlined procedure for finding 
the best fit model, the blockage element was retained and the sink 
position was moved to x =3-0. K was calculated for this new model to 
s 
be K = 1.5̂ -. The resulting plate pressure coefficient contours are 
given in Figure 23 and the 0 curves are shown in Figure 2k. Again the 
_b 
solid lines are the experimental data. Comparing Figure 23 with 
Figure 21, it is seen that the change in sink parameters has effected 
some improvement in C contour agreement in that the new model provides 
better agreement in the region 3 > 80 degrees. The agreement in the 
region 0 ̂  B = 80 degrees and r < 10 is somewhat improved. In the 
region 8 < 80 degrees, r > 10 the comparison shows generally poorer 
Ik 
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Figure 24c Force Distribution for the Circular Exit, V-/Vc 
agreement resulting from the new model, but this is not considered 
serious since any two-dimensional model is expected to be somewhat in 
error in this region. Furthermore it is noted that the pressure co-
efficients are rather small in this region so that errors here will not 
greatly affect the integrated suction force. Comparing Figures 22 and 
24 it is seen that a definite improvement in the C values, especially 
F 
when R = 5, for 40 ̂  (3 §= 110 degrees has resulted from the use of the 
new sink parameters. Therefore the new model is considered to be a 
better fit. This procedure is repeated using other sink parameters, 
and then other blockage elements, until a final "best fit" combination 
of parameters is selected. On the average fifteen candidate models 
were tried for each jet exit shape and speed ratio before the final 
best fit was chosen. 
It is noted that the integrated suction force coefficient could 
be used as a means of quantitatively expressing the error. However, 
this integral over such a large area can conceal the presence of large 
regions of poor agreement if the pressures in these regions are such 
that some are excessively small and some are too large. Hence this 
criterion is not reliable unless it has already been determined that 
the pressure distribution is in reasonably good agreement. 
It also should be noted that even the "best fit" models finally 
chosen will still produce plate pressures in some regions that do not 
agree very well with the experimental results. Primarily these regions 
are immediately upstream of the wake region and the area r > 10, 
0 s p s 90 degrees. However, the discrepancies in these regions are 
78 
not serious. They appear to be due primarily to the inability of the 
two-dimensional model to represent the three-dimensional effects of 
bending and deformation of the plume. 
Final Forms of the Model 
The constant plate pressure coefficient contours and the C 
i? 
curves resulting from the best fit models are shown in Figures 25-^ 
where the solid curves represent experimental data [̂ 9] and- the dashed 
curves show calculated results of the model. The model parameters, 
afterbody shapes, and test speed ratios are noted on the figures. 
Comparing Figures 25 ? 275 and 29? the general effect of sink strength 
variation may be seen quite clearly, since the other parameters w , 
a 
B , and x are the same for these cases. As sink strength (K) in-
w7 s 
creases, the low pressure region reaches further to the side and forward 
In the region far from the jet exit this effect is dominant and may be 
seen in all of the pressure contour figures. It is also quite apparent 
in the C curves for R = 15. The effect of the presence of the after-
F 
body was previously shown to be a lateral and aftward spread of the low 
pressure region (Figures 1̂- and 15); this effect may also be seen in 
all of the C contour figures, although it is not quite so distinct 
because of the influence of other parameters. The effect of aftward 
movement of the sink position is also to decrease the pressure in the 
region (3 > 90 degrees, as seen by comparing Figures ^1 and 1+3. In 
general the effect of the afterbody is seen more in the region aft of 
the afterbody-jet exit intersection and relatively near the jet exit, 
where the pressure decrease is greater with increasing afterbody width; 
79 
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and the pressure reduction due to moving the sink aftward is more 
apparent at larger distances from the jet exit. Again, these effects 
may also he seen by examining the C curves for the various values of 
r 
R. The effect of the location of the afterbody-jet exit intersection 
is a slight rise in pressure near the jet exit and immediately upstream 
of the intersection point, and a decrease in pressure immediately down-
stream of that point. This may be seen by careful examination of each 
of the constant pressure contour figures. This effect is of course 
coupled with the afterbody width effect; i.e., if the afterbody-jet 
exit intersection is near or upstream of the point of maximum width of 
the jet exit a perturbation to the effective width of the jet exit 
results. For the streamwise and circular jet exit cases the afterbody 
width is fairly small so that the effect of the intersection point 
appears to be small and quite local and is therefore not readily 
apparent in the force distribution curves. However, for the blunt jet 
exit cases where the afterbody width is relatively large the effect on 
the force distribution curve is observed as a slight "hump" in the 
theoretical curve in the vicinity of fl = 3 and the minimum of the 
w 
curve may shift aftward from 3 = 90 degrees. (See Figures 3<3> ̂ 0, and 
k-2.) It is seen that in all cases the calculated force distribution 
for R = 5 deviates from the experimental results somewhere in the 
region (3 > 90 degrees; this deviation becomes progressively more 
severe going from streamwise to circular to blunt jet exits. There 
are two reasons for this result: (l) One reason is that the wake be-
comes larger in the sense that the region of large total pressure loss 
becomes larger with increasing thickness ratio; even with a good choice 
100 
of afterbodies it "becomes more difficult to represent the effects of 
the wake with the steady potential model. (2) The deviation is accen-
tuated "by the restricted limits of integration in the afterbody models. 
The lower limit of integration must be the boundary of the afterbody. 
With increasing thickness ratio a wider afterbody is used, and hence 
the area of integration is reduced. The experimental data were obtained 
by considering the lower limit of integration to be th jet exit. 
Therefore, the wider the afterbody is, the worse the comparison appears. 
The values of the parameters K, x , w , and R used in the best 
7 s a w 
fit models are shown in Figures 45-48 as functions of jet exit thickness 
ratio wAt and speed ratio V./v . Figure 45 shows the variation of K 
J CO 
with these variables. It is seen that the entrainment rate is greater 
for a jet-in-crosswind than for a free jet. The entrainment rate for 
the streamwise jet increases with speed ratio, but at a slightly slower 
rate than the equivalent free jet K. Figure 46a shows that as speed 
ratio increases the effective sink location moves upstream slightly. 
Figure 46b shows that, relative to the aftmost point of the jet exit, 
the sink position moves aft with Increasing bluffness of the jet exit. 
Figures 47 and 48 show the decreasing width of the Rankine oval and the 
aftward movement of the afterbody-jet exit intersection, respectively, 
with increasing speed ratio. 
Using these curves and interpolating, appropriate model param-
eters may be chosen to predict plate pressures for cases of other jet 
exit configurations and speed ratios. However, Interpolation for the 
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entrainment parameter E, defined by 
= K — 2. . (39) 
p V . 1 V. £ ' 
where £_ is "the mass entrained per unit length of jet per unit time, 
may be plotted against 
F = (V./V ) 2 ^ / w ) 1 3 (k0) 
3 °° 
to form a single smooth curve, as shown in Figure k-9. This curve does 
represent a general behavior of entrainment rate; it should be used 
only for speed ratios within the range of 8 £ V./v = 20. For a given 
cj 
thickness ratio w/£ the applicable range of F must be calculated 
according to this constraint. For instance, suppose plate pressures 
were desired for the case of a blunt elliptical jet exit with A = 1.4l4 
and B = 0.707? so that the thickness ratio is w/£ = 2. The appropriate 
range of F is 27 = F ̂  116. If the speed ratio under consideration is 
V./V = 11, F = kk.B and E = 0.82. Hence K = 2.03. From Figures k6-kQ 
it is seen that x =s k.0, w = 0.985? and 3 as 90 degrees would be 
s a w 
good choices for the other parameters of the model. Using these values 
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Figure 49c Entrainment Function for Interpolation 
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CHAPTER I I I 
PARAMETRIC STUDY 
Having d e t e r m i n e d t h a t t h e b l o c k a g e - s i n k mode l s w i t h a f t e r b o d i e s 
p r o v i d e r e a s o n a b l y good r e p r e s e n t a t i o n of t h e p l a t e p r e s s u r e s , i t i s of 
i n t e r e s t t o examine t h e e f f e c t s of v a r y i n g t h e a f t e r b o d y and s i n k 
p a r a m e t e r s i n a c o n t r o l l e d q u a n t i t a t i v e manner t o o b s e r v e t h e i r e f f e c t s 
I t h a s a l r e a d y b e e n shown t h a t t h e p a r a m e t e r & , t h e h a l f - l e n g t h of 
a 
the Rankine oval, is unimportant relative to the half-width of the 
oval, w . For a given jet exit configuration the remaining parameters 
a 
are K, x , and 8 . 
' s' w 
The values of these parameters resulting In best agreement with 
the experimental data were determined as discussed in Chapter II. In 
order to examine the effects of these parameters in a quantitative 
manner, the "best fit" values for each of the exit configurations at 
V./v = 12 are chosen as reference values, as shown in Table h. K was 
varied in increments of 10 percent of K over a range of ± 20 percent 
of K for each configuration. The effective sink location was varied 
o D 
over the range 0 ̂  x ^ k.O for the circular and streamwise configura-
o 
tions and over a range 0 == x ^7.0 for the blunt configuration. Plus 
s 
and minus 10 percent w variations were used for all configurations; 
cL 
o 
and 8 was varied in 10 degree increments to plus and minus 20 degrees 
from B Kw o 
For each jet exit and each set of parameters K, x , w , and 8 
108 
the plate pressures are calculated and used to find the force distribu-
tion coefficient C and the integrated interference force coefficient 
F 
C with the upper limits of integration R = 5? 10? and 15, and 
s 
B = 135 degrees (neglecting the wake region). The values of G thus Ho s 
obtained are compared to the corresponding values of C for the best 
fit cases and presented in terms of 
n C 
AC s - • s 





where C is the integrated interference force coefficient calculated 
so 




Table k. Reference Values of the Parameters 
Configuration K x w 3 C 
& o s a w s 
o o o o 
R = 5 10 15 
Streamwise 1.22 2 .0 0.20 35° 
Circu la r l.kk 2 .0 o.6i+ 73° 
Blunt 2.22 5 .0 1.05 108° 
-15.1 -27-2 -37.7 
-19.6 -36.2 -50.6 
-22.1 -5I+.2 -81.1 
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For the circular jet exit case the effects of entrainment rate 
and sink position are shown in Figure 50 in terms of the integrated 
interference force coefficient. Clearly these factors have a very 
strong influence. Ten percent variations of the dimensionless sink 
strength K result in approximately 10 percent changes in the suction 
force, so that as entrainment increases, so does the suction force. 
Near the jet exit (R = 5) an aftward movement of the sink location from 
the center of the exit results in first a significant rise in the 
suction force, a maximum, and then a reduction. However, when the 
upper limit of integration is R = 10 or 15, increasing suction force 
with aftward movement of the sink appears to "be a general trend. This 
is because the induced velocities due to a sink are inversely propor-
tional to the distance between the point in the flow field and the sink, 
while the blockage-induced velocities are inversely proportional to 
the square of the distance. Thus the sink influences significantly a 
larger portion of the flow field than the blockage does. As a sink of 
constant strength is moved aftward, it significantly reduces the plate 
pressures far from the jet exit and to the side and rear of the exit. 
Near the exit the coupled effects of the blockage and sink are important, 
as shown by the force distribution coefficient curves in Figure 51-
When a sink of a given strength is at the center of the jet exit, it 
tends to overpower the blockage effect immediately upstream, greatly 
reducing the plate pressure. At 3 = 90 degrees the velocity induced by 
the sink is normal to that resulting from the blockage in the uniform 
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Figure 50o Effect of Sink Strength and Location on Cs 













magnitude than that due to the "blockage and free stream. Aft of the 
exit (x > 0) the sink decelerates the flow, causing a dramatic rise in 
plate pressure. Hence the suction force, the integral of the force 
distribution curve, is relative small. When the sink is moved aft 
to x = 2 it is relatively far from the region immediately upstream of 
s 
the exit and its effect is greatly reduced there, although it is still 
causing a significant reduction of the plate pressure in this region. 
However, at 3 = 90 degrees the velocities due to the blockage and the 
uniform stream are fairly well aligned with those due to the sink; this 
causes a significant reduction of the plate pressure. For 0 < x < x 
the sink is now accelerating the flow, greatly reducing the pressure. 
For this case, then, the suction force is quite large. If the sink is 
moved even further aft, say to x = h, the plate pressure distribution 
is again changed. The effect of the sink is even smaller upstream of 
the exit. At the side of the exit the induced velocities are even more 
closely aligned, so that although the velocity induced by the sink is 
even less, the total velocity is about the same as it was when the sink 
was at x = 2 . Hence the pressures in this region are about the same. s 
The pressure aft of the exit is somewhat reduced, but the effect on the 
region considered is fairly small because the sink is within the ex-
cluded wake region and relatively far away. The C integral in this 
case is then reduced in magnitude. 
The effect of changing the sink strength is more clearly seen in 
the force distribution curves, Figures 52 and 53. Figure 52 shows that 
an incremental change in the sink strength when the location is fixed 
20 
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Figure 52a Effect of Sink Strength on Force Distribution, R = 5, Circular Exit 
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causes an almost constant increment along the distribution curve when 
R = 5. When R = 10 the change in sink strength has a greater effect 
upstream of the exit than it does downstream, but it is obvious that 
the change in the total integral is about constant. The difference 
between the curves for R = 5 and R = 10 is again a matter of alignment 
of the induced velocities; at R = 5 the velocities due to the sink and 
those due to the blockage are rather closely aligned for large 3, while 
at greater distances from the exit the alignment becomes progressively 
worse. 
The effects of varying w and 3 were negligibly small on the 
a w 
total integrals. For a given sink strength and position the suction 
force falls within the bands indicated on Figure 50 for all combinations 
of w and 3 used. Any variations with 3 appeared to be random. 
a w w 
There was less than two percent increase in suction force with a 10 
percent reduction in Rankine oval width. However, observations made 
in determining the best fit models indicated that the plate pressure 
near the jet exit is actually reduced when the afterbody width is 
increased. The contradiction in these results in terms of the integrals 
would then appear to be due to the restrictions on the lower limit of 
integration. In any event, the effect of afterbody width is very small 
compared to the effects of the sink parameters. Although 3 has no 
w 
disccrnable effect on the total integrals, it does have a local effect 
as shown by Figure ^k. Here force distribution curves are plotted 
for three values of 3 . Clearly there is a slight rise in plate 
w 
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Figure 54„ Effect of ft. on Force Distribution, R = 5, Circular Exit 
immediate vicinity of the intersection this pressure rise is evident 
and is seen as a noticeable "hump" in the force distribution curves. 
Downstream of the intersection there appears to be a reduction of the 
pressure. When 3 < 20 degrees or p > 120 degrees there is no discern-
able effect due to p . Clearly the integrals of these distribution 
w 
curves would show a very small effect due to 3 . 
w 
The results of the parametric study for the streamwise jet exit 
were very similar to those for the circular exit. Again the effect of 
3 was very small and irregular. Varying w produced even smaller 
w a 
changes in the total integrals than it did for the circular case. 
Again the dominant factors were the sink strength and position. Figure 
55 shows that the effects of these factors in the streamwise case is 
much the same as they were for the circular case. However, in this 
case, with both a smaller (narrower) blockage and somewhat lower 
entrainment rates, the variation of suction force with sink position is 
slightly different. The suction force reaches a maximum when the sink 
is closer to the jet exit, and it declines more rapidly as the sink 
moves aft when R = 5- This appears to be due to sink dominance, so 
that as the sink moves aft it has less influence on the region under 
consideration. 
The results obtained with the blunt jet exit were considerably 
different, as seen in Figure 56. When the sink is at the origin there 
is a marked increase in suction force. For this case the blockage is 
very strong; in the region near the jet exit the sink is only dominant 
when it is very close to the region immediately upstream of the exit. 
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Figure 56„ Effect of Sink Strength and Position on Cg for Blunt 
Jet Exit, j30 = 135°, j3w = K , w„ = 1.05 
its induced velocity is not well aligned with that due to the blockage 
to the side and aft of the exit. Hence there is a reduction in the 
suction force. As the sink moves further aft the velocities become 
better aligned and the suction force increases slightly. As the sink 
moves still further aft its influence on the flow field near the exit 
diminishes and the suction force is consequently reduced. 
The results of the parametric study are helpful in determining 
means of reducing suction force for v/STOL applications. Clearly, 
excluding the wake region, the sink or entrainment parameters dominate 
the integrated interference force coefficient for streamwise or circu-
lar jet exits. For the circular exit a reduction of the entrainment 
rate by 20 percent of the reference entrainment rate K , coupled with 
a forward movement of the sink location, can reduce the suction force 
on the plate excluding the wake region by about 30 percent. Since for 
this case 
c C 
g ~ s 
e o 
0.229 at R = 10 
0.1+50 at R = 15 
;i+2) 
where C is the integrated interference force coefficient calculated s e 
from the experimental data with |3 = 180 degrees (including the wake 
region), a 30 percent reduction in suction force outside the wake 
region is effectively a 20 percent reduction in the total lift loss, 
assuming the changes in the entrainment rates and location do not 
significantly alter the lift loss experienced in the wake region. 
±td.± 
This represents a recovery of only about 3 percent of the jet thrust 
for the case of a jet issuing from a circular exit with V./v =12. 
For the streamwise exit the same arguments hold, but the recovery of 
jet thrust due to a 20 percent reduction of the entrainment rate and a 
forward movement of the effective sink location would be about k percent 
because the lift loss in the wake region is less for this case. 
The entrainment parameters are also quite influential in the 
blunt jet case. However, if a very large region of the plate is con-
sidered, say out to R = 10, the force distribution is relatively 
insensitive to x . It would seem reasonable that a reduction of entrain-
s 
ment rate would be coupled with a forward movement of the sink location. 
It would therefore seem that a 20 percent reduction of entrainment rate 
could result in about a 20 percent reduction of the suction force. 
However, for this case about ^0 percent of the total suction force 
occurs In the wake region. Therefore this reduction of the suction 
force would represent only a very small thrust recovery. At lower 
speed ratios an even larger portion of the total suction force occurs 
in the wake region, so that control of the entrainment rate would 
effect negligible thrust recovery. 
Note also that the relative unimportance of the afterbody 
parameters seen in this study suggests that the presence of an after-
body is important to the predicted plate pressures but the exact 
shape is insignificant. 
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CHAPTER IV 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
1. The analysis shows that both entrainment and blockage are 
significant factors in the jet-In-crosswind interference problem. 
2. The basic blockage may be simulated by po ten t ia l elements 
representing flow around a cylinder of cross-section similar to the 
shape of the j e t ex i t . 
3. The entrainment may be represented by sinks. 
h. The low t o t a l pressure wake region has a blockage effect 
on the crosswind which may be represented by an afterbody attached 
to the basic blockage element. 
5. A steady two-dimensional po ten t ia l blockage-sink model 
consisting of a "basic blockage element plus an afterbody and a single 
sink provides a useful means of studying interference effects on the 
cross-sind in the v ic in i ty of the pla te from which the j e t i ssues , 
provided the jet-to-crosswind speed r a t io Is suff ic ient ly large and 
a wake region i s excluded. 
6. The exclusion of the wake region is not ser ious, since an 
analysis of experimental data Indicates that the excluded region 
contributes less than 20 percent of the t o t a l suction force on the 
bounding pla te i f the j e t exit shape is a c i rc le or a round-ended slot 
aligned with the free stream (streamwise e x i t ) . 
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7. Such a model can he applied successfully to circular and 
noncircular jet exit cases without undue complexity. 
8. Studies with this model show that best agreement with 
experimental data is obtained when the sink is placed aft of the center 
of the jet exit, which indicates that there is entrainment into the 
wake region as well as directly into the jet plume. 
9. The entrainment rate and effective location are functions of 
jet exit geometry and jet-to-crosswind speed ratio. 
10. A parametric study undertaken using this model shows that 
the presence of the afterbody is important, but for predicting the over-
all plate suction force the exact shape of the afterbody is not very 
significant. 
11. The parametric study also shows that blockage and entrain-
ment effects on the crosswind are coupled so that low plate pressures 
are produced when the directions of velocities due to these elements 
are closely aligned. 
12. Because of this coupling of blockage and entrainment an 
upstream shifting of the sink location may reduce the suction force 
on the plate by 10 percent if the jet exit shape is circular or 
streamwise. 
13. Reduction of the entrainment rate with all other factors 
held constant reduces the suction force on the plate. 
14. A reduction of the entrainment rate by 20 percent coupled 
with an upstream shifting of the sink location may reduce the total 
plate suction force by as much as 20 percent. 
15- Because of their relatively small wakes and favorable 
blockage-entrainment coupling, streamwise jet exits appear to be more 
advantageous in lifting-jet applications than circular or clunt jet 
exits. 
Recommendations 
It is suggested that two refinements to the two-dimensional 
model discussed in this work be considered in order to improve the 
predicted detailed pressure field. Since the predicted pressures do 
not agree extremely well with experimentally observed pressures in the 
immediate vicinity of the afterbody-jet exit intersection, it would 
seem advisable to smooth the intersection. Therefore it is suggested 
that afterbodies be generated from bodies that are tapered fore and 
aft rather than from Rankine ovals. That is, instead of starting with 
a source-sink pair in a uniform stream one should perhaps begin with 
a distribution of sources followed by a distribution of sinks in a 
uniform stream in the £'~plane, and then apply the transformation 
equation (28). Suggested distributions are (l) a uniform source 
distribution over a distance A; '̂ followed by an equivalent strength 
uniform sink distribution over the same sized A§' ? (2) a linearly 
increasing source distribution followed by a linearly decreasing sink 
distribution, and (3) a parabolic source distribution followed by a 
parabolic sink distribution. Also some attempt should be made to 
improve the simulation of the non-circular jet exit shapes, particu-
larly on the upstream portion. Perhaps the most simple means of 
accomplishing this is to forsake the transformations and work directly 
J-O 
in the Z-p lane , us ing sources t o form the upstream p o r t i o n of the 
blockage and s inks t o c lose the wake p o r t i o n . For s imula t ing the 
stTeamwise e x i t a s ing le source would probably form the upstream 
p o r t i o n and the wake p o r t i o n could be c losed by a uniform sink d i s t r i -
bu t i on in the x - d i r e c t i o n far downstream. A d i s t r i b u t i o n of sources 
along the y - a x i s would perhaps succes s fu l ly s imula te the upstream 
p o r t i o n of the b lun t e x i t , and the wake p o r t i o n could again be closed 
by a sink d i s t r i b u t i o n in the x - d i r e c t i o n . 
Since the two-dimensional b lockage-s ink model has been u s e f u l , 
i t i s recommended t h a t an at tempt be made t o extend such a model t o 
t h r e e dimensions and i n v e s t i g a t e the e f f e c t s of blockage and e n t r a i n -
ment for lower speed r a t i o cases . I t i s noted, however, t h a t the 
model cannot be extended d i r e c t l y because the mathematics used in 
ob ta in ing the a f t e rbod ies does not g e n e r a l i z e t o t h r e e dimensions. 
The wake blockage may be t r e a t e d in t he th ree -d imens iona l case by a 
doublet d i s t r i b u t i o n in the x - d i r e c t i o n as w e l l as along the plume 
c e n t e r l i n e . Such a model might a l so be considered t o be an ex tens ion 
of the work of re fe rence [ 2 6 ] . 
I t i s a l so suggested t h a t an at tempt be made t o s imula te the 
e f f e c t s of v o r t e x r o l l - u p in the plume, a t l e a s t for t he c i r c u l a r j e t 
e x i t case , s ince i t i s a n t i c i p a t e d t h a t for lower speed r a t i o cases 
the proximi ty of the plume to the p l a t e would cause the v o r t i c i t y 
e f f e c t s to have more in f luence on the p l a t e p r e s s u r e s . The v o r t i c i t y 
measurements of re fe rence [3^] could be used t o es t imate the s t r e n g t h 
of a p a i r of c o u n t e r - r o t a t i n g v o r t i c e s symmetrical ly p laced bes ide the 
12b 
jet centerline as expressed in reference [12]. 
Because the entrainment parameters appear to be significant in 
determining the suction force on the bounding plate, it is suggested 
that experimental investigations of means to reduce entrainment be 
undertaken. One possible means of reducing entrainment would be a 
baffle or fence located on the plate immediately downstream of the jet 
exit. Exploratory tests of baffles of various heights should be 
performed, and both streamwise and circular jet exits should be con-
sidered. Such a baffle should prevent the reversed flow observed 
experimentally in the near wake from entering the plume, and hence 
reduce the effective entrainment rate and move the effective sink 
location upstream. Thus this experiment could provide a check on 
Conclusion #±k. 
In a more general vein, considerable effort should be applied 
to the investigation of the basic mechanism of the wake formation 
and the interaction of entrainment and wake effects, for these are 
undoubtedly important physical phenomena in the jet-in-crosswind 




DIMENSIONAL ANALYSIS OF INTERFERENCE PRESSURES 
Consider a turbulent subsonic jet exhausting normally to a 
large flat plate into a crossflow. Assuming that the "boundary layer 
on the plate is sufficiently described by its momentum thickness, 
dimensional analysis of the static pressure p on the plate may be 
accomplished in the following manner. 
Assume 
p = f e n |Poo, v ^ , p , v , [JJ, e , w, i, r, 3 (Al) 
where 
p = free stream density, 
V free stream velocity, 
M _ i 
3 ' 
LJJ 
p. = jet density, 
3 
V jet velocity, L' 
T, 
viscosity of both jet and free stream. 
LT. 
G = momentum thickness of the p la te boundary layer , [L] 
w width of the j e t ex i t , [L] 
I ~ length of the j e t ex i t , [L] 
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r = radial coordinate of a point on the plate, [L] 
|3 = angular coordinate of a point on the plate, radians 
and M, L? T denote units of mass, length, and time, respectively. 
This is rewritten as 
{P> Pm> V , p , V , u,, 9, w, I, r, pf- = 0 , (A2) 
o o 
for which there are seven dimensionless n products, since $ is 
dimensionless. Choose n ? V , and w as the factors common to all 
rcoJ oo' 
p r o d u c t s . The f i r s t U product "becomes 
n i = fl{5> P.' V„> w} ( « ) 
for which the dimensional equation is 
(MLT)° = (M/LT2)(M/L3)Y (L/T)6(L)e . (kk) 
Solving for y? 6? and- e yields 
Y = - 1 
6 = - 2 
e = 0 
Hence 
P 
Similarly the other n products are 
n2 = P ./Poo , (A6) 
nQ = v . /v , (A7) 
3 j °° 
n ^p^T > (A8) 
n^ = e/w , (A9) 
nv = V w a (
A1°) 
n 7 = r/w . (All) 
Now n> may be rewritten in the following manner 
n , = ( 1 ( ^ = ^ • (A12) 6 ~ W W 2 
w 
But i t i s recognized t h a t the product £w i s an a rea which may "be 
defined as 
l-w = a 2 , (A13) 
so t h a t 
a 2 
n6 = - ^ • (AH,) 
W 
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Now some of the n products may be modified to more convenient forms. 
n' = nc/ET = e/a , (M5) 
5 5 V o e 
n^ = n y / ^ = r/ae , (AI6) 
n^ = = — ^ — • (A17) 
n0n0 / nv p .v.a 
2 3 V 6 K j j e 
It is noted that n/ is the reciprocal of the jet efflux Reynolds 
1 
number. Furthermore, TI-, may be modified to 
P " P o o 
7 2- = c > ( A l 8 ) 
4P v y 
the plate pressure coefficient, without violating the dimensional 
analysis. Therefore 
f p . V. p .V.a 9 r I "! 
C = fen I - ^ > - i , J J 6 , _ , _ , - , 3 I . (A19) 
P p V LL a a w I 
rco 00 ^ e e J 
If cons tant dens i t y i s assumed, p . = p , and equat ion (A19) becomes 
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V. p.V.a r I 
M v 1 > ~J~J~~^L > P V ' LL '" ' a > a * w > P f oo ^ e e 
(A20) 
Nov if the jet exit is circular, t/w = 1 and a = a and 
e 
i'V. p.V.a 9 r "] 
Cp = fen < ^ , -J-i- , - , - - , p ̂  . 





All major calculations were carried out numerically on the 
Univac 1108 digital computer which has the ability to compute complex 
numbers. Care was taken to insure proper signs since the computer 
calculates only in the first quadrant of the complex plane. 
Afterbody Transformations 
All the afterbody transformations were accomplished in the 
following manner. Approximately 20 points on the generating Rankine 
oval were calculated on a desk calculator. These points were read into 
the program as x, y pairs and converted to complex numbers. The 
parameters A, B, 8 , D, w , and t were input to the program. The 
w a a 
transformation relations (equations (28) and (19)) were programmed 
directly and the resulting complex numbers were separated into real 
and imaginary parts and printed out as x3 y pairs in the plane of the 
jet exit. 
Pressure Coefficient and Integral Calculations 
Plate pressure coefficients were calculated in the following 
manner. The afterbody parameters and sink parameters and A and B 
were input. B was varied from 0 degrees to 135 degrees in steps of 
5 degrees. The value of 3 was converted to radians. For each value 
of B, r was varied from 0.5 to 15.0 in steps of 0.25, with statements 
13^ 
to recycle the calculation if r fell within the boundary of the jet 
exit. The resulting r, (3 pairs were converted to x, y Cartesian pairs 
and the complex number Z - x + t'.y was defined. If the calculation was 
for the blunt or streamwise case, this point Z was transformed to the 
corresponding point £' by equation (28). The complex velocity was 
computed in the Q-plane and transformed back to the Z-plane, where the 
real and imaginary parts were separated and defined as real numbers 
-TJL and v , respectively. If the calculation was for the circular jet 
exit case, the complex velocity was computed directly in the Z-plane and 
the real and imaginary parts were separated. The velocity components due 
to the sink were computed directly as real numbers and added to the 
components due to blockage and the free stream to form total velocity 
components. The pressure coefficient was then calculated according to 
equation (12) and stored for one recycle. 
A trapezoidal integration scheme was used to obtain the force 
distribution coefficient CL-
F 
C + C 
p. p \ / r. - r s 
A ^ =j 1 , ^ " . ̂  I [ r, - r, 1 ) (Bl) F± \ 2 / \ 2 M i i-  
CF = 2ACF_ . (B2) 
The accumulated values of C when i corresponded to B - 5, 10, and 1^ 
were stored. Conditional statements were included to prevent the 
inclusion of data calculated inside the afterbody in order to avoid 
proximity to signularities. 
A simple step-wise s t r i p integrat ion was used to compute the 
integrated interference force coefficient C . to s 
C = £ C A3, , (B3) 
S J S J J 
where A(3. = O.O872 radians (5 degrees) except when 3 = 0 degrees or 
J 
135 degrees, when Ap. had half that value. 
J 
Although this was not a particularly sophisticated program, it 
ran very rapidly. It was of course possible to print out any important 
quantity. When the plate coordinates and pressure coefficients were 
printed out in addition to the integrals, this program ran for a given 
set of afterbody and sink parameters in an average time of 11.5 seconds. 
When only the integrals were printed out for the parametric study, the 
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